Abstract The inherent many-to-one flow of traffic in Wireless Sensor Networks produces a skewed distribution of energy consumption rates leading to the early demise of those sensors that are critical to the ability of surviving nodes to communicate their readings to the data collection center. Numerous previous approaches aimed at balancing the consumption of energy in wireless networks are based on a linear programming-based minmax formulation that seeks to maximize the minimum lifetime of sensors in a network. However, this approach fails to provide a clear picture of the cost at which this optimization is achieved and focuses attention on a single sensor, the minimum lifetime sensor. This paper makes two contributions; 1) it puts forward a new understanding of sensor network lifetime based on statistical measures, mean and variance, of node power consumption rates that provides a more inclusive view of the consumption rates, and 2) it provides an optimal quadratic programming (QP) formulation that provides an upper bound on the lifetime under a given set of topological and energy budgetary constraints. Our results demonstrate that the QP formulation has the ability to provide a soft trade-off between the mean and variance of power consumption rates.
I. INTRODUCTION W, .IRELESS Sensor Networks (WSNs) [1] are set to become an integral part of the networked computing landscape we live in. In recent months the world has witnessed numerous natural disasters such as the inundation of New Orleans, the South-East Asian tsunami, the massive earthquake in Kashmir and wildfires in California. In each of these instances, losses could have been dramatically reduced or prevented by appropriate action based on the availability of accurate and timely information. The large loss of life and property and the promise of sensor networks to provide necessary timely information to decision makers in some instances spurned governments into action and accelerated the development and deployment of large early warning systems based on sensor network systems. One of the most fundamental challenges in WSNs is the short and often limited supply of energy. Due to the disposable nature of WSN nodes power sources are often nonreplenishable or replenishable very slowly at best. In either case this forces prudent use of battery power for all operations. Since WSNs can be spread over large geographical areas multi-hop communication is employed in transmitting sensor measurements to the data collection point, also known as the base station. The problem is further compounded by the manyto-one traffic flow pattern that is imposed by the data collection process. It produces a traffic hot-spot or bottleneck around the base station and, depending on the positioning of nodes, in other regions of the network as well. This phenomenon is called the reachback and was investigated by Servetto in [2] . If the same Shortest-Path-First (SPF) routes [3] are maintained, as in the case of most present day Mobile AdHoc Networks (MANET) and WSN routing algorithms, nodes start running out of energy. Nodes gradually start disappearing from the sensor network beginning with those handling the highest traffic volume, the ones communicating directly with the base station. Such nodes are referred to as critical nodes. Each node going offline will reduce coverage provided by the WSN. Eventually all nodes in communication range of the base station will run out of power and the base station will stand disconnected from all surviving nodes, effectively dropping situational awareness at the base station to zero. While the nature of the traffic flow makes the degradation of system capabilities over time inevitable, it is desirable to make it as graceful as possible. This leads us to consider a solution that will redistribute the volume of traffic handled by critical nodes more evenly. It is noted here that any deviation from routes selected using a routing algorithm based on SPF means selecting a route that is suboptimal in the traditional, greedy sense (of which there are many even for small sets of critical nodes).
The above discussion provides us with two objectives; 1) reducing the differences between energy consumption rates of nodes, 2) but at the same time keeping the average energy consumption rate low. This requires the joint minimization of both objectives. Since these two objectives run counter to each other the selection of an operating point is a trade-off between mean and variance of power consumption rates.
The rest of the paper is organized as follows. Section II reviews some recent efforts that attempt to increase longevity of WSNs and positions our work. Section III describes our interpretation of network lifetime and how the advantages of its use as an objective over previous definitions. Section IV describes our network model and introduces terminology. Section V formulates the problem as a quadratic program. Section VI describes some results for small scale examples and section VII concludes the paper.
II. PRIOR WORK
The volume of works spanning energy efficient routing protocols for WSN is extensive. Early WSNs borrowed routing protocols from ad-hoc wireless networks and MANETs. The routes selected by Dynamic DestinationSequenced Distance-Vector (DSDV) [4] , Dynamic Source Routing (DSR) [5] , Ad-hoc On-Demand Distance Vector (AODV) [6] and Directed Diffusion [7] protocols are "optimal" only in a greedy, SPF sense which worked well enough for networks without power constraints. The performance of a system using these protocols is as much subject to the reachback problem as one making use of naive SPF routing.
In [8] Chang and Tassiulas formulate the lifetime problem as a minmax linear program (LP) that seeks to maximize the minimum sensor lifetime. However, while the approach is theoretically sound and provides a bound for any attempt at maximizing that particular notion of network lifetime, there are scalability problems which are exacerbated by the very large number of optimization variables for which the LP is solved. This was followed by several other LP formulations of the lifetime problem [9] ,[10], [11] , [12] , all based on the same or similar meaning of network lifetime, of varying degrees of usability. In [13] Baek and de Veciana proposed a proactive multi-path routing scheme by introducing joint minimization of the "spreading factor" w, and the probability of battery depletion of a sensor which is very similar to Ilyas and Radha's parallel work in [14] that uses average and variance of power consumption rates in sensors. However, Baek and de Veciana's mechanism used for path discovery does not take into account several other available communication links. While the authors demonstrate the improvements offered by their energy balancing algorithm in networks with any-to-any data flow the proposed solution does not seem to offer an improvement when the traffic flow is many-to-one/ all-to-one. More recently Khanna, Liu and Chen [15] took an evolutionary approach. However, this was marked by a high complexity due to the inherent nature of Genetic algorithms and poses challenges to scalability.
III. NOVELTY OF APPROACH
The bulk of previous work on the lifetime problem defines network lifetime as the time until the first sensor runs out of power. The rigidity of this definition is of advantage because it provides a clear objective function for optimization. However, any set of routes that deviate from greedy SPF routes produce an increase in the power consumption rates of some nodes, decreasing their individual lifetimes. The prior LP approaches that maximize the minimum sensor lifetime are no exception. However, by solely focusing on one sensor's lifetime (the minimum lifetime sensor), it ignores the cost, the decrease in other sensors' lifetimes at which this maximization is achieved. This also implies a higher rate of failure of sensors as a network approaches the end of its life, as defined under LP minmax problem formulations. This definition disregards the inherent redundancy in WSNs and their ability to cope with a limited device failure rate. In this paper we use a notion of lifetime that takes these "shortcomings" into account. We propose the joint use of two statistics of P, the random variable modeling the energy consumption rates of sensors in a WSN, namely;
1. E[P]: the mean of P. 2. Var[P] the variance of P.
The problem then becomes a joint-minimization problem. This notion of lifetime takes into account the lifetimes of the entire population of sensors making up the network. Some previous solutions such as Singh, Woo and Raghavendra [19] describe the independent minimization of only the variance of node power levels to extend the lifetime of a network. denote the data produced by n for transmission to no. This value can depend on the spatial distribution of the entropy [20] of the underlying event being sensed by the WSN. Let q,j denote the flow from nr to its neighbor nr with which it communicates directly. Also, q j > 0. If C j denotes the cost of communicating a unit of information directly from nr to nj, then the cost incurred by nr in communicating q,, to nj is c,,q,,. We are not assuming the use of any in-network processing that might violate the conservation of flow in the network. This condition is illustrated in Fig. 1 (4) Note that the base station no has been deliberately excluded from the condition of flow conservation in equation (4) (6) is symmetric this QP has a solution, provided that the constraints are well defined. The budget constraint in (2) can be expressed in matrix form as,
q >-0 (8) Finally we need to define the constraint based on the conservation of flow. We define a flow matrix F of size N x M as below.
A 1 7 S 1 (1) (1, 1) A 1 7 S 1( 1 )(2, 1) .. A17S1 ( 1 )(N, 1) 1 T Let the separable cost matrix C be defined as, (-I) (N,ml ) f2,S2 (1) Thus equations (6) through (9) constitute the QP formulation. Note that the base station or data collection point no is exempted from the condition of conservation of flow.
The nature of this formulation is such that the solution q* provides the optimal distribution of traffic with which outgoing links should be utilized.
Any routing strategy that seeks to redistribute the traffic load deviates from the SPF routing strategy that provides minimum global energy consumption, thereby raising E[P].
The increase in Chang and Tassiulas' [8] (1) ql,s, (ml ) q2,S2 (1) q2,S2 (-2 ) qN,SN (1) Fig. 2, Fig. 4 . and Fig. 3 is obtained by successively relaxing the constraint in equation (7) 
